Abstract. The provirus integrating site Moloney murine leukemia virus (PIM) family of serine/threonine protein kinases is composed of three members, PIM1, PIM2 and PIM3, which have been identified as oncoproteins in various malignancies. However, their role in osteosarcoma (OS) remains largely unknown. This study aimed to examine the expression patterns and the clinical significance of PIM kinases in human OS and their biological effects in human OS cell lines. Immunohistochemical staining was used to detect PIM kinases in archived pathologic material from 43 patients with primary OS; in addition, the effects of PIM knockdown and overexpression on the proliferation, migration and invasion of OS cell lines were determined. We observed that all three PIM kinases were frequently expressed in OS, but only PIM1 positive expression was associated with poorer prognosis regarding overall survival of OS patients. In addition, knockdown of PIM kinases notably inhibited OS cell proliferation, migration and invasiveness, whereas overexpression of PIM kinases resulted in increased OS cell growth and motility. This study suggests that PIM1 could be a valuable prognostic marker in patients with OS, and the biological functions of PIM kinase family in the osteosarcoma cell lines indicate that they could serve as potential therapeutic targets for OS.
Introduction
Osteosarcoma (OS) is the most common primary malignant bone tumor, and affects all ages, but especially two agegroups, namely adolescents and, to a lesser extent, the elderly (7th and 8th decades) (1, 2) . OS can arise in any bone but preferentially affects the metaphyses of long bones, such as the distal femur, proximal tibia, and proximal humerus (3) . OS is highly aggressive with rapid growth, local invasion and early metastasis. In the past, OS was rarely curable, but it now has a 5-year overall survival rate of 70-80%, due to modern multimodal therapeutic strategies (4, 5) ; however, in the last two decades, there has been no substantial improvement in the prognosis of OS patients with metastases or relapse, and pulmonary metastasis remains the main cause of death in OS patients (6, 7) . Therefore, it is essential to find new valuable pathogenic factors associated with OS, which can deepen the understanding of this neoplasm, help early diagnosis and improve prognosis.
Provirus integrating site Moloney murine leukemia virus (PIM) proteins are a family of short-lived, highly conserved serine/threonine kinases with three members: PIM1, PIM2 and PIM3. These kinases are highly homologous at the amino acid level, and many of their functions overlap with each other. PIM kinases have unique structural properties and are mainly regulated by transcription and translation (8, 9) . The Janus-activated kinase/signal transducers and activators of transcription (JAK/ STAT) pathway, which is activated by various cytokines and hormones, plays an important role in regulating the expression of PIM proteins (8) . Using transgenic mouse models, PIM kinases have been shown to have carcinogenic potential, especially when they collaborate with other oncogenes such as c-Myc (avian myelocytomatosis viral oncogene homolog), N-Myc, Bcl2 (B-cell CLL/lymphoma 2), GFI1 (growth factor independent 1 transcriptional repressor), and Frat1 (frequently rearranged in advanced T-cell lymphomas-1) in tumorigenesis (10) . Moreover, expression of the three PIM kinases is found to be increased in various tumors, mainly in hematopoietic malignancies (11) , and have recently been shown to be overexpressed in numerous solid tumors (e.g., prostate cancers, gastric carcinoma, pancreatic cancers, bladder cancer, Ewing's sarcoma and liposarcoma) (12) (13) (14) (15) (16) (17) (18) , their expression patterns correlate with the diagnosis and prognosis of the various pathologies (15, 19) .
PIM kinases mediate their oncogenic activity in tumor cells by modifying a variety of cellular substrates, and the responses are either isoform-specific or common to the three kinases (8) . PIM kinases regulate cell cycle progression by directly phosphorylating p21 (cyclin-dependent kinase inhibitor 1A), p27 (cyclin-dependent kinase inhibitor 1B), Cdc25A (Cell division cycle 25A), and Cdc25C (Cell division cycle 25C) (20) (21) (22) (23) . They can block cell apoptosis through the regulation of BAD (Bcl-2-associated agonist of cell death) (24, 25) , and can also affect cell motility by modifying NFATc1 (nuclear factor of activated T-cells, cytoplasmic 1), CXCR4 (C-X-C chemokine receptor type 4), GSK3B (glycogen synthase kinase 3β) and FOXP3 (forkhead box P3) (26) (27) (28) . Additionally, PIM kinases may be involved in early tumorigenesis, primarily by interaction of PIM1 with nuclear mitotic apparatus protein (NUMA), which has been shown to result in genomic instability (29) .
Inhibition of PIM kinases has become a promising approach for cancer therapy (30, 31) . This is because they have unique structural features that enable the design of highly selective inhibitors (32) , which do not cause serious side effects, supported by the fact that mice deficient for all three PIM family members are viable and fertile (33) . Furthermore, inhibitors of PIM kinases can sensitize cancer cells to chemotherapy and may synergize with other antitumor agents (34) .
However, the roles of PIM kinases in OS remain largely unknown. In this study, we examined all three PIM kinases in 43 paraffin-embedded OS samples and analyzed their expression patterns associated with clinicopathological features to elucidate their clinical significance. Furthermore, we performed in vitro experiments to evaluate their biological effects on OS cells.
Materials and methods
Clinical specimens. This study was approved by the Research Ethics Committee of Shengjing Hospital (IRB number, 2015PS203K). A total of 45 cases of paraffin-embedded OS tumor specimens were obtained from the department of pathology, Shengjing Hospital of China Medical University, between 2007 and 2015. Among them, one case of extraskeletal OS and one case of sclerotic OS were excluded. Thus, 43 patients were included in this study. All 43 patients had primary OS, and all specimens were stained with hematoxylin and eosin (H&E) to verify the targeted tissues. Clinical stages of these OS patients were classified according to the guidelines of the American Joint Committee on Cancer. Clinical information was obtained by reviewing medical records. A total of 21 patients received adjuvant chemotherapy, four patients received postoperative radiation therapy, two patients received both adjuvant chemotherapy and radiation therapy, seven patients received no adjuvant treatment, and the adjuvant treatment for nine patients was unknown. Alkaline phosphatase results of five patients were not available. Follow-up was terminated April 25, 2016 . The median time of follow-up was 37 months (6-86 months). Overall survival was defined as the interval between surgery and death or the last observation taken.
Immunohistochemistry and evaluation of staining. The immunohistochemical analysis steps were as follows: after heat-induced antigen retrieval, tissue sections were deparaffinized in xylene and rehydrated in graded alcohols. Antigens were retrieved by boiling the tissue sections in citrate buffer (pH 6.0) for 3 min, followed by successive rinses in phosphatebuffered saline (PBS). Endogenous peroxidase was inhibited by incubating the sections in 3% hydrogen peroxide for 30 min. Non-specific staining was blocked by incubation with 5-10% bovine serum albumin at room temperature for 20 min. Slides were incubated overnight with anti-PIM1 goat polyclonal antibody (1:250; Santa Cruz, Dallas, TX, USA), anti-PIM2 (1:400; GeneTex, Irvine, CA, USA) and anti-PIM3 (1:400; Abcam, Cambridge, MA, USA) rabbit polyclonal antibodies at 4˚C. After washing with PBS, slides were incubated with the corresponding secondary antibody for 30 min at room temperature. Slides were then incubated with avidin horseradish peroxidase and the DAB (Diaminobenzidine, JSGB-BIO, Beijing, China) substrate. Finally, sections were counterstained with hematoxylin. PBS was used to replace anti-PIM antibodies in negative controls.
Immunostaining results were independently evaluated by two observers (Shuai Mou and Ding Ding) who were blinded to the clinicopathological features. The extent of immunoreactivity for PIM kinases was considered by both staining intensity and staining extent, as previously described (35) ; the staining intensity was scored as 0 (negative), 1 (mild), 2 (moderate), or 3 (strong). The percentage of positive cells in the whole tumor area was scored as 0 (0%), 1 (1-25%), 2 (26-50%), 3 (51-75%), or 4 (76-100%). The sum of the staining intensity and extent scores was used as the final staining scores (0-7), and we considered samples having a final score of ≥3 as positive.
Cell lines and cell culture. Three OS cell lines, including MG-63, U2OS and MNNG/HOS were obtained from the cell bank of Shanghai Biology Institute, Chinese Academy of Science. MG-63 and MNNG cells were cultured in DMEM (Hyclone, UT, USA) with 10% fetal bovine serum (Biological Industries) and 1% penicillin and streptomycin (Hyclone). U2OS cells were grown in RPMI 1640 medium (Hyclone) with 10% fetal bovine serum (Biological Industries, Haemek, Israel) and 1% penicillin and streptomycin (Hyclone).
Cell proliferation assay. Human OS cells (1x10 4 /well) were plated in 96-well plates in DMEM containing 10% FBS at a density of 1x10 5 cells/ml and incubated for 24, 36, 48 or 60 h. At the end of the incubations, cellular proliferation was measured by the 3-(4,5)-(dimethylthiazol-zyl)-3,5-diphenyltetrazolium bromide (MTT) assay. MTT crystals were dissolved in 150 µl of DMSO. After a 4-h incubation at 37˚C, the optical densities at 490 nm were measured using a Microplate Reader (Bio-Rad, CA, USA).
Cell transfection.
To knock down the expression of PIM kinases, three siRNA, which specifically targeted PIM1, PIM2 and PIM3 (PIM1: 5'-GGUGUGUGGAGAUAUUCCUTT-3', PIM2: 5'-CUGCUUGACUGGUUUGAGATT-3' and PIM3: 5'-UCGUGCACCGCGACAUUAATT-3'), and negative control siRNA (siCont) were designed and synthesized by Genepharma (Shanghai, China). For overexpression, three pcDNA3.1/V5-HisC plasmids for expressing human PIM kinase genes were kindly provided by Professor Päivi M. Ojala (University of Helsinki, Helsinki, Finland), as previously described (36) . Cells were transfected with siRNA or plasmids using Lipofectamine 2000 (Invitrogen, CA, USA), according to the manufacturer's protocol. For RNA extraction and western blot assays, cells were used at 24 or 48 h after transfection.
Cell migration and invasion assay. Assays were performed using modified Boyden chambers with polycarbonate nucleopore membranes. Pre-coated filters (6.5 mm in diameter, 8-µm pore size, Matrigel 100 µg/cm 2 ) were rehydrated with 100 µl medium. Then, 1x10
5 cells in 100 µl serum-free DMEM supplemented with 0.1% bovine serum albumin were placed in the upper part of each chamber, whereas the lower compartments were filled with 600 µl DMEM containing 10% serum. After incubation for 24 h at 37˚C, non-invaded cells were removed from the upper surface of the filter using a cotton swab, and the invaded cells on the lower surface of the filter were fixed, stained, photographed and counted under highpower magnification.
Real-time PCR analysis. Total RNA was extracted from the cells using TRIzol reagent (Invitrogen). The concentration and purity of the total-RNA were calculated by absorbance at 260 and 280 nm. Single-strand cDNA synthesis was performed using the PrimeScript RT Reagent kit (Takara Bio, Shiga, Japan). Real-time PCR was performed using SYBR Premix Ex Taq (Takara Bio) on an Mx 3000P real-time PCR system (Applied Biosystems, MA, USA) using the following conditions: 50 cycles of 95˚C for 10 sec and 60˚C for 30 sec. All the reactions were repeated at least three times. PCR primers were designed using Primer 5.0 software and the sequences are listed in Table I .
Western blot analysis. Total protein was extracted in RIPA lysis buffer (Beyotime, Shanghai, China), quantified by the BCA protein assay (Beyotime), and equal amounts of protein were separated by SDS-PAGE (sodium dodecyl sulfatepolyacrylamide gel electrophoresis) and transferred to PVDF (polyvinylidene fluoride) membranes (Millipore, MA, USA). Membranes were blocked with 5% nonfat milk in PBS for 1 h at room temperature and then incubated with PIM1, PIM2, PIM3, Cyclin D1 (Santa Cruz) and MMP2 (Santa Cruz) antibodies overnight at 4˚C. After extensive washing, membranes were re-probed with horseradish peroxidaseconjugated secondary antibodies (Boster Wuhan, China). Membranes were developed using ECL or ECL plus (Thermo Fisher Scientific, MA, USA), according to the manufacturer's instructions.
Statistical analysis. All statistical analyses were performed using SPSS19.0. The Chi-square test was applied to analyze the correlation between the expression of PIM kinases and the clinicopathological features. Immunohistochemistry (IHC) scores of PIM kinases was calculated by multiplying the percentage and intensity scores, and the cut-off point was considered by a final score of ≥3 as positive. The KaplanMeier method was used for survival analysis, and differences in survival were estimated using the log-rank test. Both univariate and multivariate analyses were carried out to identify independent prognostic factors for survival using the Cox proportional hazards model. The two-tailed, unpaired Student's t-test was used to compare differences between experimental and control groups in the in vitro assays. Results are shown as mean values with 95% confidence intervals. Error bars represent standard deviations. A value of P<0.05 was considered statistically significant.
Results
All three PIM kinases are expressed in the majority of OS tumor samples. To explore whether PIM kinases were expressed in OS, we performed immunohistochemistry to detect the protein expression of the three kinase proteins in 43 paraffin-embedded OS samples. In the OS tissues, expression of PIM1, PIM2 and PIM3 was observed as a brown-yellow color, localized both in the nuclei and cytoplasm. The expression intensities of PIM kinases varied from negative-to-weak, medium and strong staining (Fig. 1) . According to our IHC score (see Materials and methods), 76.7% (33/43), 74.4% (32/43) and 69.7% (30/43) of cases were PIM1-positive, PIM2-positive and PIM3-positive, respectively (Fig. 2C) . Of the 43 cases, 21 cases expressed all three PIM kinases, and 3 cases did not express the PIM kinases. Of the remaining cases, 11 cases were positive for either PIM1 alone or co-expressed with PIM2 or PIM3, 11 cases were positive for PIM2 alone or in combination with PIM1 or PIM3, and 9 cases were positive for PIM3 alone or together with PIM1 or PIM2 (Fig. 2D) .
Investigation of the expression patterns of PIM kinases and the clinical significance in OS.
In order to elucidate the clinical significance of PIM kinase expression, we evaluated the association between the positive expression of the three PIM kinases and the clinicopathological characteristics, including sex, age, location, pathologic subtype, tumor size, tumor stage and alkaline phosphatase (ALP). However, there was no significant correlation with these clinicopathological parameters and positive expression of the three PIM kinases (Table II) . We also observed the association of the expression of the three PIM kinases and the clinical outcome of OS patients. Kaplan-Meier analysis showed that only positive expression of PIM1 showed a poorer prognosis than patients with negative expression of PIM1 (log-rank test, P=0.0432 in overall survival), but there were no significant differences between positive and negative expression of PIM2 and PIM3 ( Fig. 2A) . Kaplan-Meier analysis by AJCC tumor stage is shown in Fig. 2E . We then performed univariate and multivariate Cox regression survival analysis, with the variables including sex, age, pathologic subtype, tumor size, tumor stage, and positive expression of ALP, PIM1, PIM2 and PIM3. 
PIM2 PIM3 -------------------------------------------------------------------------------------------------------------------------------Characteristics
No In the univariate analysis, only the tumor stage of OS was a significant predictor of poor prognosis, while the other indicators, including PIM1, PIM2 and PIM3 expression were not good predictors for overall survival of OS patients, according to both univariate and multivariate analysis (data not shown). Subcellular distribution of PIM kinases was found to be related to their biological function and disease stage (37,38), we therefore investigated the nuclear and cytoplasmic expression patterns of the three PIM kinases in our OS samples (Fig. 2B) . Nuclear staining of positive expression of PIM1, PIM2 and PIM3 was 36.4% (12/33), 25% (8/32) and 43.3% (13/30), respectively (Fig. 2C) . However, we observed that neither nuclear nor cytoplasmic expression of the three PIM kinases was significantly correlated with OS tumor stage or prognosis (data not shown).
PIM kinases promote proliferation of OS cells through cyclin D1 regulation.
We then examined the biological effects of PIM kinases on OS cells. Firstly, we measured the basal protein levels of the three PIM kinases in the three OS cell lines by western blotting. We found that the protein levels of PIM1, PIM2 and PIM3 were relatively higher in MG-63 cells than those in MNNG/HOS cells or U2OS cells (Fig. 3A) . Thus, we chose the MG-63 cell line for use in RNA interference studies and the U2OS cell line for use in plasmid overexpression studies. Downregulation and increased expression of PIM1, PIM2 and PIM3 was verified at both the mRNA and protein expression levels (Fig. 4) . Cell proliferation rates were measured using the MTT assay and results were determined at 0, 12, 24, 36 and 48 h post-transfection. Results showed that PIM1 knockdown inhibited MG-63 cell growth to 69 and 65% of the controls at 36 and 48 h, respectively; PIM2 knockdown inhibited MG-63 cell growth to 64 and 61% of the controls at 36 and 48 h, respectively, and PIM3 knockdown inhibited MG-63 cell growth to 55 and 54% of the controls at 36 and 48 h, respectively (Fig. 3B) . Conversely, PIM1, PIM2 and PIM3 overexpression in U2OS cells exhibited a significantly higher rate of proliferation at 48 h post-transfection (Fig. 3D) .
It has been recently reported that the association between the three PIM kinases can mediate tumor cell proliferation and cyclin D1 expression (39) (40) (41) . To further investigate these underlying mechanisms, we examined the protein and mRNA levels of cyclin D1 after PIM knockdown or overexpression. PIM1 depletion decreased cyclin D1 expression in MG-63 cells (Fig. 3C) ; accordingly PIM1 overexpression increased cyclin D1 expression in U2OS cells. Similar results were also observed in the case of PIM2 and PIM3 (Fig. 3E) . Taken together, these results demonstrated that all three PIM kinases affected the proliferation of OS cells, possibly via cyclin D1 regulation.
PIM kinases promote the migratory and invasive potential of OS cells by modulating MMP2.
We also investigated the effects of depletion of PIM kinases on OS cell motility; cell migration and invasion were examined by Transwell assays. Results showed that, compared with the control cells, PIM1, PIM2 and PIM3 knockdown significantly inhibited MG-63 cell migration by 69, 63 and 70%, respectively ( Fig. 5A and B) . Moreover, deficiency of the three kinases markedly inhibited the invasiveness of MG-63 cells by 59, 85 and 83%, respectively ( Fig. 5A and B) . Accordingly, upregulation of PIM1, PIM2 and PIM3 expression promoted the migration and invasion of U2OS cells (Fig. 5D and E) .
It is well known that matrix metalloproteinases 2 (MMP2) can facilitate enhanced tumor cell invasion and metastasis potential (42) . Therefore, we investigated the expression levels of MMP2 in PIM kinase-knockdown MG63 cells and in PIM kinase-overexpressing U2OS cells by western blotting and real-time PCR analysis. Results revealed that MMP-2 protein and mRNA levels decreased in PIM kinase-knockdown cells compared with the negative controls, whereas the cells overexpressing PIM kinase showed an increase in MMP2 levels ( Fig. 5C and F) . These results suggest that all three PIM kinases can enhance the motility of OS cells, at least in part, by modulating MMP-2.
Discussion
PIM kinases have been identified as proto-oncogenes implicated in tumorigenesis, and their expression and functions have been demonstrated in various tumors (8, 10) . However, their role in OS has not been clearly defined. In this study, we found that all three PIM kinases were frequently expressed in OS tissues. We also showed that positive expression of PIM1 was associated with poorer prognosis for overall survival of OS patients, while the positive expression of PIM2 and PIM3 was not found to predict prognosis. The subcellular distributions of the three PIM kinases were not correlated with the disease stage or clinical outcome. In addition, our in vitro study demonstrated that knockdown of PIM kinases effectively inhibited OS cell proliferation, migration and invasion, whereas overexpression of PIM kinases resulted in increased OS cell growth and motility.
The literature on expression of PIM kinases in OS is extremely limited, Lu et al reported that the PIM1 gene locus (6p12-21) is a common amplification event in OS (43) . More recently, during the course of this work, Liao et al reported five out of seven OS tissue samples had high expression of PIM1 protein, and 77.2% (88/144) OS specimens from 70 patients exhibited PIM1 immunostaining on the OS cell nucleus (44) . Both of these studies indicated that PIM1 is expressed in OS and may therefore play an important role. Nevertheless, in this present study, we demonstrated that all three PIM kinases were expressed in a majority of OS samples, but only positive expression of PIM1 was associated with poorer prognosis for overall survival of OS patients. The prognostic value of PIM1 in OS patients was also reported in the previous study (44). However, our univariate and multivariate Cox regression analyses indicated the three PIM kinases are not good predictors for overall survival of OS patients. This conflict may be due to our small sample size, as OS is relative rare (1, 45, 46) . Therefore, an additional study with a larger number of cases is needed to confirm the clinical significance of the expression of the three PIM kinases, particularly PIM2 and PIM3, in OS patients.
Some studies have reported that nuclear accumulation of PIM1 is necessary for its biologic effects and may correlate with tumor progression and disease stage (37, 38) . In the previous study, Liao et al reported that the cellular 34 kDa PIM1 isoform staining in OS tissues was predominantly nuclear (44) . However, in our study, nuclear PIM1 localization was not dominant in our OS samples, and PIM1 nuclear staining accounted for 36.4% in the PIM1 positive group. Furthermore, we observed all three PIM kinases are distributed to both the nucleus and cytoplasm, and their expression patterns are uncorrelated with OS tumor stage or prognosis (data not shown). Notably, the shuttling of subcellular distribution of PIM kinases between the nucleus and the cytoplasm is complicated and not well understood (38) . Cytoplasmic sequestration of PIM1 may also be relevant and can promote cancer cell survival (47) . Thus, further investigations are needed to clarify the functions of different subcellular distributions of PIM kinases and the underlying mechanisms, particularly in OS.
PIM kinases are associated with cell proliferation as they prevent apoptosis and promote cell survival (8) . Consistently, our in vitro study revealed that all three PIM kinases can promote OS cell proliferation, while silencing PIM kinases can decrease cell proliferation rates. The underlying mechanism may be related to the association of PIM kinase with cyclin D1. Previous studies have found that when PIM kinases were inhibited, the expression of cyclin D1 was reduced and the change in cyclin D1 expression could influence cell cycle progression and cancer cell proliferation (39) (40) (41) . Furthermore, we found that knock-down of any of the three PIM kinases resulted in decreased cyclin D1 expression in OS cells, whereas overexpression of PIM kinases in OS cells increased cyclin D1 expression. Together, these results indicate that all three PIM kinases may have a role in the growth of OS cells.
We also investigated the association of the three PIM kinases with the motility of OS cells. Our results showed that OS cells in which the three PIM kinases had been knocked down had lower migration and invasion. In contrast, overexpression of any PIM kinase family member had the opposite effect, displaying increased migration and invasion of OS cells. These results suggest that PIM kinases may affect OS metastasis. In agreement with this, previous studies have suggested a role for PIM kinases in cell motility and metastasis, for example, PIM1 was able to promote migration in leukemia and prostate cancer cells (48) , PIM2 was shown to induce human liver cell malignant transformation and increase the migration rate (49) , and PIM3 can promote ovarian cancer cell migration (50) . In addition, absence of PIM kinases blocks the process of bone invasion induced by the 3-methylcholanthrene-induced sarcoma in vivo (51) . However, the regulatory mechanisms involved in controlling cell motility by the three PIM kinases are not well known; in this study, we found that PIM kinase depletion downregulated MMP2 expression, whereas cells overexpressing PIM kinase showed an increase in MMP2 levels, suggesting that MMP2 may play a role in regulating OS cell motility by PIM kinases.
Recently, multiple substrates of PIM kinases that promoted cancer cell metastasis were identified, including CXCR4, NFATc1, GSK3B and FOXP3 (26) . Of these, CXCR4 was the first to be confirmed and the most studied. PIM1, but not PIM2 and PIM3, was shown to regulate homing and migration of leukemia cells via modulation of stromal-derived factor-1alpha (SDF-1/CXCL12)-CXCR4 signaling (27, 52) . Subsequent research has demonstrated that PIM1 and PIM3, but not PIM2, can phosphorylate CXCR4 and promote metastatic properties of prostate cancer. Importantly, overexpressing PIM1 or PIM3 may take advantage of the CXCL12/CXCR4 chemokine pathway and stimulate the formation of lung metastases from orthotopically-induced prostate tumors in mice (53) . It is known that CXCR4 expression plays an important role in the pulmonary metastatic process in OS (54, 55) . Therefore, the association between PIM kinases and CXCR4 suggests that PIM kinases may also be involved in the lung metastasis of OS, but this remains to be elucidated. Unfortunately, in this study, we were unable to verify the expression of PIM kinases in OS metastasis, especially lung metastasis, which are the main cause of death in OS patients. Future studies are needed to substantiate this intriguing possibility.
In conclusion, in this study, we show for the first time, that all three PIM kinases are frequently expressed in OS. Although the expression patterns and the functions of PIM kinases in OS are not completely understood, we found that positive expression of PIM1 was associated with poorer prognosis, which supports the use of PIM1 as a potential prognostic biomarker of OS. Moreover, in our in vitro study, we found that all three PIM kinases can significantly affect OS cell proliferation, migration and invasion, which suggests that PIM kinases have multiple biological functions on OS cells, and could therefore serve as potential therapeutic targets in OS. However, more studies are needed to elucidate the oncogenic roles of PIM kinases and their clinical significance in OS.
